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Introduction
Block co-polymers can have several properties that are not present in comparable statistical co-polymers, and interest in studying their properties has increased considerably during recent decade [1] . Block co-polymers can have, for example, the ability to form self-organized structures [2] . Especially co-polymers consisting of PDM (poly[2-(dimethylamino)ethyl methacrylate]), PEO (poly(ethylene oxide)), and/or PPO (poly(propylene oxide) blocks have found applications in the field of hydrophobizing paper [3] or other hydrophilic surfaces [4] , strengthening agents for wood fibre networks [5, 6] and even some biomedical applications [2] . In addition, some special solution properties have been found for copolymers containing cationizable PDM block. E.g. at high pH PEO-b-PDM will aggregate at the temperature where the PDM sequence is totally deprotonated and sufficiently hydrophobic [7] . PDM can also easily be modified into a permanently cationic form by methylation of the tertiary amine group to form a quaternary amine [8, 9] .
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Effect of block composition on thermal properties and melt viscosity of poly[2-(dimethylamino)ethyl methacrylate], poly(ethylene oxide) and poly(propylene oxide) block co-polymers
One convenient way to polymerize 2-(dimethylamino)ethyl methacrylate, and via that route to synthesize block copolymers containing PDM segments, is to use potassium alcoholate RO -K + as an initiator [10] . This alcoholate synthesis was first introduced by Nagasaki et al. [11] , and later it was called oxyanionic synthesis when further studies of the mechanism were done [12, 13] . Since then, numerous macroinitiators containing hydroxyl groups have been studied, among them PEO [14] , PPO [15] , poly(dimethyl siloxane) [16] , short aliphatic carbon chains [17] and different combinations of these [14] [15] [16] [17] [18] [19] [20] . The oxyanionic method has also been successfully applied to polymerize some other methacrylates, like 2-(trialkylsiloxyethyl) methacrylate [21] . Relatively high concentrations of PEO, PPO, PDM, and their block copolymers can easily be dissolved in water, and their rheological characterization has mainly focused on solution properties [2, 7, 22] . In contrast to the solution properties, their thermomechanical properties have not been studied extensively. Rheological properties of PEO homopolymer have been studied in more detail [23, 24] and some crystallization studies of PEO-polystyrene (PS) block co-polymers have been performed with rheometry [25] . Still, the rheological properties of polymers are of interest, and other types of block co-polymers [26, 27] , liquid crystalline polymers [28] , and star polymers [29] have usually been analysed thoroughly. Rotational rheometry, often together with scattering techniques [30] , has been used for studies on microphase separation [31] , crystallinity [25] , and order to disorder transitions of block co-polymers [32] [33] [34] [35] [36] . In this study a set of PEO, PPO and PEO-PPO-PEO macroinitiators was used to synthesize block polymers with PDM segments using oxyanionic synthesis. Materials were characterized with nuclear magnetic resonance (NMR) spectroscopy as well as with size exclusion chromatography (SEC) using a light scattering detector to confirm block formation. Thermal characterization of the resulting polymers was done with differential scanning calorimetry (DSC) and rotational rheometry (RR). Detailed melt rheology of the polymers was studied and the effect of PDM segment on melt rheology is discussed here.
Experimental 2.1. Materials
The molecular structures of the used pre-polymers/macroinitiators are listed in Table 1 . PEO and PPO were received from Fluka (Gallen, Switzerland) and PEO-PPO-PEO was from Aldrich (St. Louis, MO, USA). The initiator for PDM homopolymerization was ethylene glycol (EG) from Riedel de Haen (Seelze, Germany). Chemical structures of the different blocks are presented in Figure 1 . Other materials and their suppliers were: 2-(dimethylamino) ethyl methacrylate (DMAEMA), potassium hydride (KH) (30 w% suspension in mineral oil), and triethyl amine (TEA) from Aldrich (St. Louis, MO, USA); basic alumina, methanol and methylene iodide from Fluka (Gallen, Switzerland); ethanol from Altia (Rajamäki, Finland); diethylether, hexane and acetone from BHD Prolabo (VWR, Karlskoga, Sweden); sodium chloride from Merck (Whitehouse Station, NJ, USA); chloroform (CHCl 3 ) from VWR (Karlskoga, Sweden). All chemicals used were of reagent grade. PEO was purified by precipitation from cold ethanol followed by drying in a vacuum oven overnight [37] . PEO-PPO-PEO and PPO were purified by drying in a vacuum oven overnight. DMAEMA was purified by removing inhibitor by filtration through basic alumina. DMAEMA was stored in a refrigerator before use. All the solvents used in oxyanionic synthesis were dried with molecular sieves for several days. Other chemicals were used without further treatment. 
Nuclear magnetic resonance spectroscopy (NMR)
The NMR spectrum was obtained using a 300 MHz Varian Gemini 2000 (Agilent Technologies, Santa Clara, CA, USA) with deuterated chloroform (CDCl 3 ) as the solvent. Conversion of the synthesis (decrease of vinylidene groups) was followed with 1 H NMR spectroscopy. Polymer structure was identified based on proton peaks of CH 2 (PEO) at 3.64 ppm, N(CH 3 ) 2 (PDM) at 2.27 ppm or CH 3 (PPO) at 1.16 ppm [38] . Reacted end groups were detected in quantitative 13 C NMR based on absence of a peak at 61.5 ppm in PEO and at 65.5 and 67.1 in PPO.
Size exclusion chromatography (SEC)
Purified polymers were analysed with size exclusion chromatography (SEC) using chloroform with 2% triethylamine (TEA) as eluent. Elution speed was 1 ml/min through the following column system: PLgel pre-column and PLgel, 10 4 , 10 5 , 10 3 and 10 2 Å columns supplied by Polymer laboratories (Agilent Technologies, Santa Clara, CA, USA). Relative changes in molecular weight were determined with a Waters RI-detector (refractive index) (Waters, Milford, MA, USA) against polystyrene standards at 35°C. A Wyatt Dawn 8 + MALLS (multiangle laser light-scattering) detector (Wyatt Technology, Dernbach, Germany) was used to analyse both molecular weight and size of the polymer. The difference in refractive index between eluent and polymer (dn/dc) was estimated assuming 100% recovery of the known mass concentration through the elution system.
Differential scanning calorimetry (DSC)
The thermal behavior of polymers was measured with a Mettler Toledo DSC 821 e (Mettler Toledo, Gerifensee Switzerland) differential scanning calorimeter under a nitrogen atmosphere. The sample size was 7-10 mg for crystalline polymers, and 25 mg for amorphous polymers. Before nonisothermal runs the samples were heated to equalization temperature (150°C) followed by immediate determination of the crystallization temperature (T c ) at a cooling rate of -10°C/min (from 150 to -100°C). After this cooling step, the melting endotherm (!H), glass transition point (T g ), and the peak melting temperature (T m ) were measured by reheating the sample from -100 to 100°C. The used heating rate was 20°C/min to improve the detectability of T g . In addition to this, the PDM-PEO-PPO-PEO-PDM-L polymer was studied in more detail by determining the influence of the different heating (5, 10, 20 and 40°C/min) and cooling rates (-2, -5, -10, -20°C/min) on the cold crystallization. Also the influence of different equalization temperatures (150, 100, 80, 60, 50, 40°C) were studied for the PDM-PEO-PPO-PEO-PDM-L polymer.
Rotational rheometry (RR)
Thermal behaviour of the polymers was measured with an Anton Paar Physica MRC 301 dynamic rotational rheometer (Anton Paar GmbH, Graz, Austria) operated in strain-controlled mode. Temperature was controlled with a Peltier heating element on the lower plate, and cooling was done with a water circulator. 25 mm plate geometry with gap size of 150 "m was used. The dimensional changes in geometry during measurements were taken into account by controlling the gap size with a normal force, and measuring the gap size with a TruGap induction sensor (gap size decreased from 150 to 138 "m due to the shrinking of the polymer during the cooling ramp). The sample was stabilized at 100°C for 30 min before the measurement. The measured temperature ramp was cooling from 100 to -30°C at 5°C/min followed by immediate heating back to 100°C with the same rate. Oscillatory measurement was done at 0.1% strain within the linear viscoelastic region at 10 Hz frequency. Moduli and complex viscosity were recorded. Frequency sweeps for time temperature superposition (TTS) calculations were measured from 300 to 0.03 rad/s with the same gap settings. The TTS measuring temperatures were 40, 30, 20, 10, 5, 0, -5, -10, -15, -20, -25°C (50 s stabilization between the measurements) and shift factors were calculated by the Rheoplus software according to Williams-Landel-Ferry (WLF) equation [39] . Single temperature frequency sweeps were measured with a stress-controlled rheometer (TA Instruments AR-G2,TA Instruments, New Castle, DE, USA). The measurements were done at 60°C or, for polymers without PPO, at 65°C with 25 mm plate geometry using a 250 "m gap. The strain used was 0.1% and the measurement was done with a frequency range of 0.01-100 Hz.
3. Results and discussion 3.1. Synthesis and characterization of block co-polymers Oxyanionic polymerization can be carried out in two different ways, namely directly from potassium hydride (KH) or through a DMSO -K + complex [16] (DMSO = dimethyl sulfoxide). The DMSO -K + method is assumed to be more accurate since the conversion of macroinitiator into RO -K + can easily be measured with triphenyl methane as an indicator. In this study the initiation from KH was determined adequate for the polymerization. An excess of KH was used to eliminate possible termination reactions caused by residual OH groups [20] .
After the synthesis step, all analyses were performed on purified samples as some PDM homopolymer was usually formed in the crude reaction solution. After purification, the formation of block structure was confirmed with 13 C NMR, and SEC equipped with MALLS. To obtain reliably molecular weight analysis (using SEC with MALLS detector), the dn/dc values of the pre-polymers should be available. There was no literature data available concerning dn/dc values for PEO and PPO in CHCl 3 / TEA (2%) solution, and therefore the dn/dc values were first determined for the whole set of macroinitiators. The values were determined from chromatographic analysis assuming 100% recovery from the elution system and the scattering data was calculated using a Zimm plot. dn/dc values obtained for pre-polymers (Table 1 ) varied in line with the molecular compositions, so that a dn/dc of 0.06 ml/g was achieved for pure PEO and 0.02 ml/g for pure PPO. The other macroinitiators gave values between these two depending on block composition. The measured value of 0.02 ml/g for PPO was rather low but still above the resolution limit of the equipment. dn/dc values for modified polymers are listed in Table 2 . PDM had the highest dn/dc and it was markedly different from the value of 0.02 obtained for macroinitiator PPO. In addition, the experimental dn/dc values were consistent with the theoretical values calculated from macroinitiators and PDM homopolymer as averages based on molecular composition. The results from SEC/MALLS analysis are presented in Table 2 and the formation of PDM block was supported by the increase in molecular weight compared to pre-polymers in Table 1 . In addition, the molecular weight distributions of PDM-PEO-PDM and PDM-PPO-PDM remained narrow whereas a slightly broader distribution for PDM-PEO-PPO-PEO-PDM-H and PDM-PEO-PPO-PEO-PDM-L Table 3 and in Figures 2-4 . PPO is completely amorphous, with a glass transition point at -67°C (Figure 2 A) , whereas pure PEO is a highly crystalline polymer which melts at 66°C (Figure 3 C) . The melting temperatures of the crystalline PEO phases in their block copolymers, PEO-PPO-PEO-H and PEO-PPO-PEO-L, are lower (Figure 3 D and 4 A, 61 and 39°C, respectively) but this is mostly due to the shorter PEO block sizes (Table 1 , 6000 and 850 g/mol, respectively: e.g. PEO 1000 g/mol from Fluka, T m 37-40°C). In addition, the T g of the PPO phase is only slightly influenced by the amount of PEO. These results indicate that PEO and PPO were phase separated at solid state.
The reference PDM homopolymer was found to be totally amorphous with T g at 1°C which is in consistent with the literature [40] . However, this thermal transition was not as clear as that of the amorphous PPO (Figure 2 B vs. A) . This phenomenon was observed also in their amorphous block copolymer, PDM-PPO-PDM, and only a modest T g at about -20°C (Figure 2 C) could be observed. In addition, no separate T g from PPO was observed which indicates that the PDM and PPO phases were most likely mixed in the solid PDM-PPO-PDM block copolymer. Modification of the highly crystalline PEO and PEO-PPO-PEO-H polymers with PDM-blocks affected the transition temperatures slightly (Table 3 , Figure 3 ). T m and T c of the crystalline PEO phase were reduced 5-8°C but the crystallinity (!H) was remained mostly at the same level in modified polymers. It was clear that the PDM-blocks did not prevent the crystallization of the PEO-segments, which usually indicates that the phases are separated in the solid polymer [29] . Additionally, no glass transition point either due to the amorphous PPO or PDM phase was observed. This is consistent with the results above, which indicated that the T g is less distinct in polymers containing both PDM and PPO segments. The most interesting behaviour was found with PDM-PEO-PPO-PEO-PDM-L (Figure 4 B) . According to DSC, initially the polymer behaved like a completely amorphous polymer as no crystallization exotherm was observed in the cooling sequence from 150 to -100°C. However, in the heating sequence, a clear crystallization peak (T c ) was found followed immediately by a melting peak. In gen- eral, this kind of behaviour is known as cold crystallization [41] and is typical for polymers [42] and blends [43] that contain both soft and hard segments, as is the case for the PDM-PEO-PPO-PEO-PDM-L structure. Cold crystallization is also often dependent on heating/cooling rate [44] , which, however, was not clearly the case in this polymer. The influence of cooling rate was minor (Figure 4 B, C, D) whereas the !H were slightly affected by varying the heating rate ( Figure 4 E !H = 10 J/g; 4 F !H = 6 J/g). Finally, when the equalization temperature was reduced from 150 to below 50°C, the cold crystallization was absent and only melting endotherm (Figure 4 G, T m at ~10°C) was observed during heating. Still, this melting endotherm differed largely when compared with the one obtained for unmodified PEO-PPO-PEO-L (T m~1 0°C vs. 39°C; !H PEO-phase 48 J/g vs 170 J/g). One explanation to the thermal behaviour of PDM-PEO-PPO-PEO-PDM-L can be the strong phase mixing at melt state (equalization temperature 50°C or higher), which hindered the homogeneous and/or heterogeneous nuclei formation during the cooling sequence. As well known the absence of any nuclei will effectively prevent the crystallization of the polymer phase. However, when the PDM-PEO-PPO-PEO-PDM-L was equalized only at 40°C, the polymer melt contained probably some unmelted domains which then acted as nucleation centres supporting the crystallization during the cooling sequence. This hypothesis can be associated with the results of Hillmyer and Bates [45] where the melted polyalkane-block-PEO copolymer was found to maintain small crystalline PEO fractions.
Thermal transition temperatures measured by rheometry
Rotational rheometry was also used to analyse thermal transition behaviour. However, crystallization kinetics can cause problems when measuring temperature transitions with rheometry. Strain-induced crystallization can be problem when a stress-controlled instrument is used [46] . That can lead to high strains and differences in the rate of crystallization measured by rheometry versus DSC. In this study the strain-controlled measurement was performed at very low strain, hence mitigating the risk of strain-induced crystallization. In addition, the ability to controlled strain instead of stress produced repeatable results, and sensitivity was additionally increased by using 10 Hz frequency. The problem with temperature scans can be that hard polymers may be outside equipment's maximum torque range. In our case, however, the polymers were soft enough so that the melting temperatures as well the glass transition points were clearly obtained as decrease in complex viscosity (Figures 5 a-d) . The obtained transition temperatures were consistent with the DSC results even though a slight systematic deviation of few degrees was observed between the results (Table 3 ). In addition, the T g 's of PDM and PDM-PPO-PDM were more distinct when compared with the DSC analysis. Still, either the rheometer was not able to detect separate T g originating from PDM in any of the polymers containing PEO. The absence of T g is consistent with the very high viscosity values for PDM-PEO-PDM and PDM-PEO-PPO-PEO-PDM-H obtained below the melting point. At the temperature where the glassy stage of PDM should be softened, PEO is still strongly crystalline with high viscosity, thus binding the PDM and preventing softening. Finally, in addition to the basic thermal transitions, a slight but clear increase in viscosity of solid PEO-PPO-PEO-H was found around 40°C ( Figure 5 b 1 ). This kind of increase in viscosity may indicate microphase separation or order disorder transition point [32] .
The cold crystallization behaviour PDM-PEO-PPO-PEO-PDM-L observed in DSC was studied in detail by comparing storage module (G#) and loss module (G$) in cooling and heating cycles (Figure 6 ). Just like in DSC, the cold crystallization behaviour was seen only in heating cycle whereas cooling ramp did not indicate any phase transitions occurring. T c was determined as tangential point of G# and G$ whereas T m could be seen as clear decrease in modulus. It was also remarkable that regardless of the thermal transition points, G$ was practically higher than G# over the whole range of temperatures. That indicates that this polymer behaves as a high viscosity fluid. This kind of rheological behaviour is normally seen in polymer melts containing some crystalline parts [34] .
Melt rheology
Modification of the pre-polymers with PDM-blocks clearly increased melt viscosity of one to three orders of magnitude as can be observed in Figure 5 . Still, the weak temperature/viscosity dependence (at the melt state) of the pre-polymers was maintained in the modified polymers. It must also be noted that the melt viscosity of PDM-containing In frequency sweeps the complex viscosity of the pre-polymers showed only a weak frequency dependency indicating strong Newtonian behaviour (Figure 7) . This is consistent with what is reported in the literature [24] and indicates that PEO and PPO do not form entanglements at the melt stage. However, these polymers had also measurable storage modulus ( Figure 8 a and b) , which is slightly contradictory with the assumption of Newtonian fluid. Modification of the pre-polymers (excluding PEO-PPO-PEO-L) with PDM was seen as the appearance of a shear thinning character ( Figure 7 ) and with an obvious elastic modulus (Figure 8c ). The module dependence of angular frequency (%) was calculated and correlations G$~% 1 and G#~% 2 were observed at low shear rates (slopes in Figure 8c ). This terminal slope was similar to what is generally seen for entangled polymer melts [34] . Still, no cross-over point for the moduli was observed, but this was due to the limited experimental window available.
Time temperature superposition (TTS)
frequency sweeps for PDM-PEO-PPO-PEO-PDM-L As mentioned above, the PDM-PEO-PPO-PEO-PDM-L seemed to act as a Newtonian fluid (at 60°C) even though the other PDM-modified prepolymers exhibited clear shear thinning behaviour. Therefore the TTS was calculated for PDM-PEO-PPO-PEO-PDM-L in order to find changes in material characteristics over a wider range of frequencies. Unfortunately, the TTS was not suitable for polymers that exhibit strong phase transition at the used temperature range [23] , and therefore the direct comparison e.g. with unmodified PEO-PPO-PEO-L was not performed. The TTS measurements for PDM-PEO-PPO-PEO-PDM-L were performed from 40 to -25°C to avoid the cold crystallization. The TTS calculations were referenced at 35°C ( Figure 9 ) and a clear shear thinning behaviour for PDM-PEO-PPO-PEO-PDM-L was observed. The complex viscosity decreased in parallel of increase in shear force, and a low frequency behaviour (G$~% 1 and G#~% 2 ) typical for entangled polymer melts was present. Also a clear cross-over point for G# and G$ was found in frequency ramps at around 100 000 rad/s. The earlier Newtonian behaviour of PDM-PEO-PPO-PEO- PDM-L ( Figure 7 ) originated most likely due to the high measuring temperature, where the complex viscosity was at the Newtonian plateau over the whole range of frequencies. The abovementioned TTS measurements were performed also by starting at the lowest temperature when the cold crystallization of PDM-PEO-PPO-PEO-PDM-L was present. Because of occurring phase transition the master curve could not be done, and instead Cole-Cole correlation [33] was plotted ( Figure 10 , temperature range from -5 to 20°C). At high frequency area hardly any deviations in the ratio of G# and G$ could be observed between the temperatures, but at low frequencies the impact of G# gets stronger at lower temperatures. This is a clear indication of occurring phase transition [29] , but the detailed microstructure still remains unclear.
Conclusions
Block polymers were successfully synthesized by using a potassium functionalized pre-polymer as initiator. The formation of block structure was confirmed with SEC and NMR. Thermal transitions were determined by calorimetric and rheological means, and the results were consistent with each other. The thermal behaviour, with obvious glass transitions and melting endotherms, indicated that poly(ethylene oxide) (PEO) and poly(propylene oxide) (PPO) segments are mostly phase separated in these copolymers at solid state. Modification with poly[2-(dimethylamino)ethyl methacrylate] (PDM) did affect the thermal transition temperatures of the PEO-rich pre-polymer only slightly, whereas more significant changes were observed in PPO-rich polymers. Thermal behaviour indicates that PDM is phase separated from PEO but forms a mixed phase with PPO. Cold crystallization behaviour for PPO-rich PDM-PEO-PPO-PEO-PDM-L could be observed in DSC measurements as well as in temperature scan in rheometer. Melt rheology of the block copolymers confirmed that PEO and PPO block co-polymers behaved almost as Newtonian liquids over the whole range of frequencies. Rheological characterization of the block co-polymers also confirmed that melt viscosity of the pre-polymers was increased by modifying them with PDM block. Additionally, PDM segments seemed to increase frequency dependence of the polymers slightly and to modify polymers from Newtonian into shear thinning fluids. Overall, the frequency sweeps confirmed the behaviour seen in temperature scans. No cross-over frequency was found for polymers without PDM, but the elastic component originating from PDM can give advantage in melt processing of these polymers. 
